In the infertile sandy soils of northeast Thailand, field experiments were conducted to evaluate the effects on rates of biological nitrogen fixation (BNF) of inoculating soybeans with selected strains of Bradyrhizobium japonicum and adding herbicides. Inoculating soybean seeds with effective B. japonicum strains increased the acetylene reduction by nodulated root systems, and increased the nodule numbers and dry weights associated with soybean roots. The amounts of Nz fixed, as measured by N-15 isotope dilution methods, were also increased by adding the B. japonicum. Inoculation of soybeans with a nif -strain of B. japonicum resulted in increased nodule weights and numbers, but did not increase the acetylene reduction rates or the amounts of Nz fixed. There was a significant straincultivar interaction. Application of metolachlor, alachlor, fluazifop butyl or sethoxydim did not reduce the levels of Nz fixed by B. japonicum in association with soybeans, but paraquat did significantly reduce the Nz fixed by the inoculated plants.
In the infertile sandy soils of northeast Thailand, field experiments were conducted to evaluate the effects on rates of biological nitrogen fixation (BNF) of inoculating soybeans with selected strains of Bradyrhizobium japonicum and adding herbicides. Inoculating soybean seeds with effective B. japonicum strains increased the acetylene reduction by nodulated root systems, and increased the nodule numbers and dry weights associated with soybean roots. The amounts of Nz fixed, as measured by N-15 isotope dilution methods, were also increased by adding the B. japonicum. Inoculation of soybeans with a nif -strain of B. japonicum resulted in increased nodule weights and numbers, but did not increase the acetylene reduction rates or the amounts of Nz fixed. There was a significant straincultivar interaction. Application of metolachlor, alachlor, fluazifop butyl or sethoxydim did not reduce the levels of Nz fixed by B. japonicum in association with soybeans, but paraquat did significantly reduce the Nz fixed by the inoculated plants.
Inoculation of soybeans (Glycine max L. Merr.) is beneficial in the tropical soils of southeast Asia (1) (2) (3) . The benefits depend greatly on the selection of appropriate bacterial strains, since bacterial strain-soybean cultivar specificity has been found in many cases (3) (4) (5) (6) . Native populations of Bradyrhizobium japonicum cannot be relied upon to supply adequate amounts of N for commercial soybean production since they vary considerably in their competitiveness and N2-fixing abilities (7, 8) . There are no published comparisons of B, japonicum strains for use in sandy, low-fertility, low-pH tropical soils such as occur in northeast Thailand.
Optimization of N2-fixing symbiosis serves to increase the benefits that may be achieved under field conditions. The maximum benefits of biological nitrogen fixation (BNF) may not be achieved, however, if other constraints are placed on the system. One of the most important and potentially limiting factors to BNF is the use of herbicides (9) . Herbicides have been reported to affect B, japonicum growth in vitro and to reduce nodulation of soybeans under greenhouse conditions (10, 11) . Five herbicides tested under Canadian field conditions showed no effect on soybean nodulation or N2 fixation (12) . In most published studies, different herbicides vary in the extent of their effect on N2 fixation. Consequently, the effect of herbicides on N2 fixation in soybeans must eventually be conducted under field conditions; and if the results are to be relevant, the effects must be studied in the area in which they are to be used.
The experiments reported here were designed to determine the effect of selected B. japonicum strains on soybean yields and rates of BNF under northeast Thai field conditions. The effects of five commonly used herbicides on soybean nodulation and N2 fixation of inoculated and uninoculated soybeans were also determined. Nitrogen fixation was measured using the N-15 isotope dilution method and the acetylene reduction assay.
MATERIALS AND METHODS
The experiments were conducted on land belonging to the Thai Department of Agriculture in the rainy season of 1986 (July-September). The soil was a sandy loam (6°c kaolinitic clay in upper horizon) with a pH of 6.1 and O.3° organic matter. The soil contained 1.27 x 101 B. japonicum per gram of dry soil prior to the planting experiments as determined by the most probable number (MPN) plant infection method. Soybean cultivar SJ5 was used in the herbicide experiment. Cultivars SJ4 and SJ5 were used in the bacterial strain experiment. Corn [Zea mays (L.)] cv. Suwan and sorghum (Sorghum bicolor L.) were used as nonfixing control systems (nfs) in both experiments (13) . These cultivars are recommended commercial lines for Thai conditions and had been previously tested and determined to be highyielding with adequate oil and protein contents (13) .
Bacterial strains used in the strain comparison were: THAT, THA2, Nif Tal strains 213, 411, 413, 429, and 944, and 61A148, a component strain used in a commercial soybean inoculant mix. Strains THA2, THAT, NifTal strains 213, 411, and 413 were isolated from Thai soils. NifTal strain 429 was isolated from Brazilian soil. The 61A148 strain was supplied by the Nitragin Co. (Milwaukee, Wisc.). Nif Tal strain 944, a nonfixing strain (nif -), was included as a control. An uninoculated cultivar was also included in each replicate. The bacteria were raised in pure culture in a yeast extract-mannitol medium and sprayed onto a peat-based carrier. The inoculum potential of the final inoculant was measured using a MPN plant-infection method.
Treatments were arranged in a completely randomized block design with six replications. Each plot measured 6 ml long x 4 rows wide. The rows were 50 cm apart. Four seeds were placed in hills 20 cm apart in the strain comparison test and 10 cm apart in the herbicide test. Inoculum containing approximately 100 million bacteria was placed over the seeds in each hill before covering the seeds with soil. Phosphate (56 kg P205/ha) and potash (37.5 kg K20/ha) were side-banded in all rows in each plot. Plots in the strain comparison experiment were hand-weeded as required; the plots in the herbicide comparison test were not weeded. The plants were thinned to two per hill after 2 weeks growth. Then N-15 labeled ammonium sulphate (5.10419% N-15 atom °0 excess) was added to a 1.0-m length of each of the two center rows of each plot at a rate of 10 kg N/ha soil. A nitrification inhibitor (NServe, Dow Chemical Co.) was premixed with the labeled fertilizer to decrease the movement of N with the irrigation water. The N fertilizer in a dissolved form (10 ml soln./hill) was added adjacent to the plant roots at a l0-cm depth in the soil using a 50-ml syringe equipped with a modified 18-gauge needle which had holes on the sides rather than the tip to prevent soil clogging the opening.
The bacterial inoculum for the herbicide experiment consisted of a mixed culture of three B. japonicum strains (THAT, USDA 110, and USDA 122). The bacterial cultures were raised separately in pure culture, then equal portions of each culture were sprayed onto a peat-based carrier (14) . Gum arabic (l0° w/v) was used to stick the inoculum to the seeds. Sufficient inoculum adhered to the seeds to supply 106 bacteria per seed. Plot dimensions, planting, thinning, fertilization, and N-l5 addition were the same as for the strain experiment.
Five herbicides were tested in conjunction with the addition of rhizobial inoculum. Their general and trade names and chemical formulations are as follows: alachlor (Lasso, 2-chloro-N-(2,6-dethylphenyl)-N-(methoxymethyl)acetamide) added pre-plant incorporated at a rate of 9.0 1/ha; paraquat (Gramoxone, 1,1'-dimethyl-4,4'-bipyridylium-dichloride) sprayed on weeds prior to planting soybeans at 5.01 /ha; metolachlor (Dual, 2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide) added pre-plant, incorporated at 2.75 //ha; fluazifop butyl Plant parameters studied. Several measures of plant productivity and N2 fixation were collected. Acetylene reduction assay (ARA) and nodule number and mass were determined for each plot in the herbicide trial after 45 days growth. Four plants from each plot were harvested between 1,000 and 1,400 hr. Roots were dug up and the loose soil sieved to retrieve any detached nodules. The shoots were removed and the roots placed in a 500-ml container fitted with an airtight lid. Acetylene (l0° v/v) was injected into the container through a septum in the lid, the sample was incubated at ambient field temperature for 60 min, then a subsample was taken using a sterile Vacutainer. The ARA procedure was performed as previously described (15) . Nodules were picked from the roots, washed, counted, dried (60°C for 2 days), and weighed.
The total nitrogen and N-15 contents of the plant material were determined for the plants in both experiments at physiological maturity (R7). Preparation of the plant material, Kjeldahl digestions and mass spectrometer determination of N-15 in the plant material are as described by RENNIE and DUBETZ (4) . Isotope terminology and calculations used are according to RENNIE et al. (16) . Maize was determined to be the most appropriate nonfixing control (nfs) plant on the basis of the ratio of the proportion of plant N obtained from the soil (Ndfs) to the proportion of plant N obtained from the N-15 labeled fertilizer (Ndff), and the fertilizer use efficiency. Consequently, the proportion of plant.N derived from BNF (Ndfa) and amounts of N fixed were calculated using the maize data as the nfs.
The data from each experiment were statistically analyzed using an analysis of variance procedure of the SAS Statistical package (Statistical Analysis Systems, Cary, NC). Significance of the differences between sample means were determined using Tukey's honestly significant difference procedure (17) . The HSD values for the inoculated and uninoculated treatments in the herbicide experiment were calculated separately.
RESULTS
Most of the effective B. japonicum strains added gave higher levels of ARA and more and heavier nodules than uninoculated plants did (Table 1 ). The only exception was strain 61A148, which gave the lowest ARA levels and the fewest and lightest nodules of all of the inoculated plants. Tal 944, the nonfixing strain, gave the least ARA measured, but it increased the number of nodules. The cultivars did not vary in respect to these parameters (Table 2) .
Plant dry matter at maturity was not significantly affected by inoculation with the effective bacterial strains. However, the dry matter produced by plants inoculated with Tal 944 was significantly reduced relative to the uninoculated control (Tables 2 and 3) . The results were similar with regard to the %N in the plants. Seed yields ranged from 1,511 to 2,612 kg/ha (Table 4) . Strains Tal 411, 944, 213, and 61A148 produced significantly greater seed yields with cultivar SJS than with SJ4, while strains THA 2, Tal 413, and 429 produced greater yields with cultivar SJ4. Thus there was a significant interaction between strain and cultivar for seed yield values (Tables 2 and 4 ). The cultivars did not vary in respect to plant dry matter or N contents ( Table 2) . As measured by N-15 isotope dilution, inoculation with B. japonicum strains Tal 411 or 413, THA 2 or 7, or 61A148 resulted in more N2 fixed relative to the uninoculated control (Table 3) . Tal strain 411 resulted in significantly higher N2 Table  2 .
Significance of differences (ANOVA) between means of parameters measured for soybeans grown under northeast Thai field conditions. Table   3 . Plant dry matter, N content and N2 fixed by soybeans inoculated with B. japonicum strains in northeast Thailand.° fixation levels than any other strain. Tal 944 significantly reduced the amount of Nz fixed relative to the uninoculated control. Inoculation with any of the effective bacterial strains resulted in an increased proportion of N coming from Nz fixation when compared with the uninoculated treatments (Fig. 1) . The proportion of N derived from BNF (Ndfa) ranged from 61 to 7100 of all of the plant N calculated to be due to Nz fixation. Uninoculated plants received approximately 45°c of their N from BNF, and plants inoculated with Ta1944 received significantly less N (310) Table   4 . Seed yields of soybean cultivars SJ4 and SJ5 inoculated with B, japonicum strains in northeast Thailand. (Fig. 1) . The cultivars did not vary with respect to the source of their N or the amount of N2 fixed ( Table 2 ). The application of herbicides had a significant effect only on levels of ARA, plant dry matter production and the amount of N2 fixed (Table 2) . Adding rhizobium inoculum significantly affected all of the plant parameters measured in this study. Alachlor, sethoxydim or metolachlor increased the levels of ARA for rhizobially inoculated plants relative to the untreated inoculated control plants, and sethoxydim increased the ARA in uninoculated plants (Table 5) . ARA levels and nodule numbers and weights in uninoculated plants were approximately half or less than in inoculated plants. Seed yields for inoculated plants ranged from 926 to 1,290 kg/ha while seed yields for uninoculated plants ranged from 450 to 779 kg ha. Herbicide-treated plots tended to yield more than untreated plots, but the effect was not significant.
Total dry matter production in inoculated plants receiving sethoxydim or alachlor was greater than in untreated plants (Table 5) . Plots receiving the other herbicides produced dry matter intermediate between these and the control plots. The results were similar for uninoculated plants treated with paraquat. Plant drymatter yields for inoculated plants ranged from 1,532 to 2,746 kg ha while uninoculated plants produced from 910 to 1,684 kg of dry matter per ha. The N percentage in the plants was not affected by herbicide application. It ranged from 1.8 to 2.3°c for inoculated and 1.4 to l.8° for uninoculated plants (Table 5 ). The proportion of N from different sources in the plants was not affected by herbicide application, but was influenced by rhizobial inoculation (Tables 2 and 5 ). Inoculated plants received approximately 7O o of their N from N2 fixation (Ndfa) while uninoculated plants received from 28 to 44°c of their N from Nz fixation (Fig.  2) . Consequently, the proportion of plant N from soil (Ndfs) and fertilizer (Ndff) sources was higher in the uninoculated treatments (Fig. 2) . The amount of Nz fixed by inoculated plants was generally greater than that fixed by uninoculated plants (Fig. 3 ). An exception was plants treated with paraquat, which did not show higher levels of Nz fixation when inoculated with rhizobia. Treatment of inoculated plants 
DISCUSSION
The benefits of inoculation are evident in both of the present experiments. In the herbicide experiment, adding the mixed inoculum increased Ndfa and N2 fixation. Five of the eight bacterial strains in the strain comparison experiment increased the levels of N2 fixation in association with soybeans in soils such as that used here. In contrast, inoculation with an unsuitable B, japonicum strain, such as Tal 944, resulted in decreased levels of fixation, and reduced yields. Use of Tal 944 is an extreme case since it is known not to fix atmospheric N. However, inoculation with strains Tal 213 and 429 show similar trends, although to a lesser degree. The midseason ARA measurements were ineffective in predicting suitable bacteria. An interesting observation was that ARA measurements taken at midseason showed strain 61A148 to be low in nitrogenase activity while the N-15 dilution measurements taken at maturity showed this strain to be one of the better strains tested. Apparently 61A148 was able to facilitate BNF in the later part of the season, at a time when the seeds are filling.
The treatments with Tal 944 were useful in showing the effectiveness of adding B. japonicum to soils already containing effective bacteria. The fact that the nodule numbers and weights increased relative to the uninoculated control shows that the added bacteria were effective in forming nodules, and that the added bacteria could compete with soil bacteria for nodulation sites. Reduced levels of N2 fixation, Ndfa and plant and seed yields indicates that these bacteria were inhabiting a significant proportion of the nodules on the roots, so the lack of N2 fixation by the 944 bacteria in effect diluted the beneficial effect of the nodules formed by soil-borne bacteria.
DUONG et al. (2) found that rhizobial inoculation of soybeans in heavy clay soils of the Mekong delta improved all agronomic characteristics of the plants they studied. They further reported that inoculated plants responded better to inoculation with a commercial multistrain inoculant than to added N fertilizer. A locally grown inoculant was not effective in these experiments (1) . The results of our tests show that inoculation would also be of benefit in sandy tropical soils, and that if the inoculants were of sufficient quality, a locally produced inoculant containing selected B. japonicum strains could be produced that would be effective. Our results support those reported by DOUKA et al. (18) for Grecian soils and KUCEY et al. (3) for northern and central Thai soils.
This study showed that cultivars SJ4 and SJ5 did not differ in their response to the different bacterial strains. This was found previously by RENNIE et al. (13) for northeast Thailand, and it was concluded that there was a similarity in the breeding ancestry. The Ndfa values in our strain selection tests were higher than RENNIE et al.
found (13) . However, the seed yields were greater in the previous test, averaging between 3,300 and 3,600 kg ha. Consequently, the N2 fixed in the previous study was greater than the amounts of N2 fixed in this study. RENNIE et al. (13) inoculated soybeans with a granular product (Soil Implant, Nitragin Co.). KUCEY et al. (3) showed that one of the strains used in the granular inoculant (61 A 101 C) was not as effective as other strains used for soybean yields and N2 fixation in soils of northern and central Thailand. Research is needed to determine whether substitution of selected strains into a commercial inoculant such as Soil Implant could result in yet greater levels of N2 fixation than are currently obtained.
The herbicide treatments did not reduce levels of N2 fixation; indeed it appeared that they stimulated soybean growth, yields and N2 fixation. The control plots were heavily infested with weeds, in contrast to the plots in the strain comparison test which were hand-weeded as necessary. The heavy competition between soybean and weed plants for water and nutrients resulted in reduced seed and plant dry matter yields, and lower levels of N2 fixation in comparison with those obtained in the strain comparison test. Herbicide application reduced weed competition, but the levels of N2 fixation were still not as great as in the strain comparison test. The soils used for the two experiments were very similar in cropping history and fertility, and were located in close proximity to each other. Since the Ndfa values for herbicide-treated plants and control plants were not different, it appears that the herbicides may have an inhibitory effect on the N2 fixing system by acting on the host plant, not by inhibiting the bacteria. However, the inhibition is partially overcome by the benefits of reduced weed competition. An exception was paraquat which appeared to reduce the benefits of inoculation such that inoculation did not result in increased N2 fixation levels. Since the soils used were very sandy, with little montmorillonite clay present, the movement and activity of paraquat would be expected to be high (19) . In a different soil, with higher organic matter or montmorillonitic clay, the activity of paraquat may be reduced.
These results show that inoculation of soybeans in the sandy soils of northeast Thailand can increase N2 fixation, even though the soil may contain B, japonicum bacteria. Under field conditions where hand-weeding is impractical, if weed competition is serious, metolachlor, alachlor or sethoxydim can be used at recommended rates to control weed growth. If weed competition can be reduced by cultural means, herbicide use should be avoided, as there may be an overall deleterious effect on the N2-fixing symbiosis. The strain of B. japonicum used to inoculate legumes is an important factor in the response of soybeans to inoculation with this organism since adding ineffective or less effective bacteria can reduce the levels of N2 fixation.
The results reported here were collected as part of a cooperative project (Soy/rhizobia 3-P-84-1020) involving the Thailand Department of Agriculture, the Khon Kaen University, and Agriculture Canada funded by the International Development Research Center, Ottawa, Ontario, Canada.
